Abstract. Honokiol (HNK), an important bioactive compound purified from Magnolia officinalis Cortex, has been demonstrated to have manifold beneficial anti-oxidative, anti-inflammatory, anti-bacterial and antitumor pharmacological effects. In the present study, the association of HNK in the signaling mechanism associated with hydrogen peroxide (H 2 O 2 )-induced apoptosis of cultured mouse podocytes was investigated. HNK did not cause significant changes in podocyte viability when its concentration remained below 20 µM. MTS assay and flow cytometry confirmed that H 2 O 2 significantly enhanced the rates of apoptosis while produce significant reduction in viability of podocytes. Following 24 h of pre-treatment with different concentrations of HNK, the viability of adherent podocytes increased and apoptosis significantly decreased in a dose-dependent manner below 20 µM. Reverse transcription-polymerase chain reaction and western blot results indicated that HNK significantly decreased the expression of mRNA and cleaved protein of caspase-3 and caspase-9 in podocytes pre-treated with H 2 O 2 . Furthermore, phosphorylation of the signaling molecules protein kinase B (Akt) and extracellular signal-regulated kinase (Erk) 1/2 appeared to increase following HNK treatment. In conclusion, HNK largely eliminated the role of promoting podocyte apoptosis in an oxidative stress environment, which was a protective factor on podocytes cultured with H 2 O 2 . The anti-oxidative stress mechanisms of HNK are partly due to suppressing the expression of caspase-3 and caspase-9 and upregulating phosphorylated-Akt and
Introduction
Podocytes, also known as visceral glomerular epithelial cells, serve a critical role in maintaining the normal structure and function of the glomerular filtration barrier (1) . A wide variety of glomerular diseases can lead to many abnormal structural deformations of podocytes, including podocyte foot process fusion and detachment from the glomerular basement membrane (GBM), GBM thickening and ultimately a reduction in podocytes (2) . Manifold stimuli can lead to podocyte abnormality and apoptosis, including immune-mediated and oxidative stress, hemodynamic changes, hyperglycemia and hyperlipidemia (3) . To date, it has been established that glycation end-products and reactive oxygen species (ROS) induced by hyperglycemia can result in ultrastructural alterations of the glomerular filtration barrier in diabetic kidney diseases (2) . Tight control of blood glucose can delay the development of diabetic kidney disease (DKD), but this alone is not capable of preventing progression of diabetic nephropathy to end-stage renal damage (ESRD).
Oxidative stress is a particularly important cause of kidney injury and podocyte apoptosis, activating a series of phosphorylated kinases. These, in turn, induce expression of downstream transcription factors and contribute to increased apoptosis and detachment of podocytes that line the GBM (4). As highly specialized and terminally differentiated cells, podocytes lack regenerative capabilities (4, 5) . ROS include free radicals, such as superoxide, as well as non-radical species (i.e., H 2 O 2 ). A certain concentration (200 µmol/l) of H 2 O 2 results in cell apoptosis (6) . It is well established that signaling pathways associated with podocyte apoptosis mainly include the caspase, cyclin kinase and other such pathways. Caspase-9 is the initiator caspase in the intrinsic or mitochrondrial caspase pathway that functions to activate downstream caspase-3 in response to apoptotic signals (7) .
Honokiol (HNK) is a natural bi-phenolic compound isolated from the Magnoliae officinalis Cortex, which is commonly used in Traditional Chinese Medicine. Magnolia (8) . It has also been reported that Magnolia extracts may protect contrast-induced nephropathy in rats through antioxidation and antiapoptosis in the kidney (9) . Previous studies revealed that HNK protects against renal or myocardial ischemia/reperfusion injury via the suppression of oxidative stress, inducible nitric oxide synthase and inflammation in rats (10) (11) (12) . Therefore, the aim of the present study was to explore the protective effects exerted by HNK on cultured mouse podocytes and its effect on apoptosis induced by H 2 O 2 .
The potential associated molecular mechanisms/signaling pathways were also investigated. ). The data was analyzed using BD FACSDiva 6.0 software (BD Biosciences).
Materials and methods

Reagents
Western blotting. Cultured mouse podocytes (5x10 6 /10-cm dish) were pre-treated with different concentrations (0, 1.25, 5 and 20 µM) of HNK for 2 h and followed by 100 µM H 2 O 2 for 24 h at 37˚C. Cells were collected and lysed with lysis buffer (20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% Triton, 1% NP-40, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM leupeptin, 1 mM phenylmethylsulfonyl fluoride) for 30 min at 4˚C. Extracted protein in each cell lysate was determined using a bicinchoninic acid protein assay kit (Pierce; Thermo Fisher Scientific, Inc.). Proteins were transferred to a polyvinylidene difluoride membrane and blocked with 5% non-fat dry milk in PBS with 0.02% v/v Tween-20 (PBS-Tween) for 2 h at room temperature. The membrane was incubated for 16 h at 4˚C with the aforementioned primary antibodies at a dilution of 1:1,000. However, anti-β-actin was used at a dilution of 1:2,000. The membrane was washed and subsequently incubated for 1 h at room temperature with a peroxidase-labeled Rabbit anti-Goat IgG antibody (cat. no. SA00001-4; 1:5,000; ProteinTech Group, Inc., Chicago, IL, USA). Following further washing, the membrane was analyzed using an enhanced chemiluminescence kit (Pierce; Thermo Fisher Scientific, Inc.).
Extraction of total RNA and reverse transcription-polymerase chain reaction (RT-PCR).
Total RNA was extracted from cell lines using RNAiso Plus (Takara Bio, Inc., Otsu, Japan) according to the manufacturer's instructions. Samples were stored at -80˚C prior to further use. First chain cDNA synthesis was performed using the PrimeScript™ RT Reagent kit (Takara Bio, Inc.) according to the manufacturer's instructions and PCR was subsequently performed using the SYBR Premix Ex Taq kit (Takara Bio, Inc.). Primer sequences used were as follows: Caspase-3 forward, 5'-CGT GGT TCA TCC AGT CCC TTT-3' and reverse, 5'-ATT CCG TTG CCA CCT TCC T-3'; caspase-9 forward, 5'-ATC GAC CCT CCG CCA GA-3' and reverse, 5'-CAA AGG AAG CAG AAC CCA T-3'; and β-actin forward, 5'-CTC TTC CAG CCT TCC TTC CT-3' and reverse, 5'-CAC CTT CAC CGT TCC AGT TT-3'. The thermocycling conditions were as follows: 95˚C for 5 min, followed by 40 cycles at 95˚C for 15 sec, 60˚C for 20 sec and 72˚C for 20 sec, and a final extension at 72˚C for 10 min.
Statistical analysis.
All experiments were performed in triplicate and data are presented as means ± standard deviation. Statistical significance was determined using one-way analysis of variance followed by a Fisher's least significant difference test. Statistical analyses were performed using SPSS 16.0 software (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Effects of HNK on viability of mouse podocytes treated with H 2 O 2 .
Cultured mouse podocytes were pre-treated with HNK (0, 1.25, 5, 20 µM) for 2 h and further incubated with 100 µM H 2 O 2 (excluding groups 1 and 6) for 24 h. Cell viability was evaluated via MTS assay. Results revealed that mouse podocytes retained almost the same levels of viability following exposure to incubation conditions with HNK concentrations of 20 µM (group 6) compared with the normal control (group 1), suggesting that HNK did not affect podocyte viability at certain concentrations. However, as 100 µM H 2 O 2 significantly reduced cell viability (group 2), the OD value was only ~25% of that in group 1 (P<0.01). Following pre-treatment with different concentrations of HNK, the rate of cell viability increased in a concentration-dependent manner. OD values of groups treated with HNK at low, medium and high concentrations were 1.39 (P<0.01), 2.5 (P<0.01) and 3.73 times (P<0.01) higher, respectively, when compared with the group treated with H 2 O 2 alone (Fig. 1) .
Effect of HNK on morphologic changes in podocytes treated
with H 2 O 2 . Following pre-treatment with different concentrations of HNK for 2 h and 100 µM H 2 O 2 for 24 h, podocytes were observed and photographed using an inverted microscope. Microscopic observation revealed that 100 µM H 2 O 2 markedly affected cell physiology. Numerous dead podocytes were noted floating in the supernatant, whereas weakly adhered cells were observed as opaque, black-spotted masses. Podocytes treated with HNK alone exhibit a morphology similar to the control group with only a few floating cells in the supernatant. Following treatment with H 2 O 2 and different concentrations of HNK for 24 h, the morphology of podocytes improved in a dose-dependent manner and cells gradually became more transparent (Fig. 2) .
Effects of HNK on podocyte apoptosis induced by H 2 O 2 .
Results of flow cytometry revealed that the ratio of apoptotic podocytes did not markedly differ between control and 20 µM HNK treatment groups following 24 h. Although H 2 O 2 typically results in an increased apoptotic ratio, treatment with different concentrations of HNK resulted in markedly decreases in the ratio of apoptosis in podocytes. Compared with the H 2 O 2 -treated group, the ratio of apoptosis in groups treated with low, medium and high concentrations of HNK were decreased gradually. However, the apoptosis ratio of groups treated with high concentrations of HNK remained slightly higher than that of the control group (Fig. 3) .
Effects of HNK on the expression of caspase-3 and caspase-9.
Caspases (proteases) serve an important role in extrinsic and intrinsic apoptotic pathways. The RT-PCR results indicated that mRNA expression of caspase-3 and caspase-9 both increased in podocytes treated with H 2 O 2 compared with control cells. Additionally, although mRNA levels of caspase 9 were marginally higher in cells treated with 100 µM H 2 O 2 +1.25 µM HNK than in those treated with 100 µM H 2 O 2 alone, HNK gradually downregulated expression of cleaved caspase-3 and caspase-9 mRNA in a concentration from 5 to 20 µM (Fig. 4) . Furthermore, western blotting analysis of cleaved caspase-3 and caspase-9 protein levels produced similar findings as those of their mRNA levels, although the protein level of cleaved caspase-3 was margnally higher in cells treated with 100 µM H 2 O 2 +1.25 µM HNK than in those treated with 100 µM H 2 O 2 alone (Fig. 5) . These results suggested an obvious inhibition of cleaved caspase-3, -9 protein and caspase-3, -9 mRNA expression by HNK.
Mechanisms associated with HNK-inhibition of H 2 O 2 -induced oxidative stress in mouse podocytes.
Recent findings have demonstrated that Akt and Erk signaling pathways is associated with the regulation of apoptosis in various of cell types, tissues and organs in many diseases (13) (14) (15) . In the present study, protein levels of total Akt and Erk 1/2 exhibited no marked changes, whereas levels of p-Akt and p-Erk 1/2 appeared to increase following HNK treatment, peaking at the highest concentration of HNK (20 µM). However, levels of p-Akt and p-Erk 1/2 did not exhibit any marked declines following H 2 O 2 treatment alone. To some extent, p-Akt and p-Erk 1/2 levels increased in cells treated with H 2 O 2 compared with the control group, suggesting an inconsistent tendency associated with the expression of caspase in cells pre-treated with HNK (Fig. 5) .
Discussion
An increased amount of urinary protein, termed albuminuria (typically 67 kDa), is among the earliest signs of DKD and strongly correlates with progression towards ESRD (2). The glomerular filtration barrier consists of three layers: Capillary endothelium, GBM and the glomerular epithelial cell (or podocyte) layer. Numerous studies (16) (17) (18) concerning DKD emphasized damage to mesangial cells and the glomerular basement membrane. Glomerular hypertrophy, mesangial matrix expansion and GBM thickening are classic signs of diabetic glomerular diseases (19) . Previous evidence (20) (21) (22) have demonstrated that the onset of proteinuria is closely associated with pathological changes in podocytes, such as hypertrophy, detachment, apoptosis and epithelial-to-mesenchymal transition.
ROS promotes renal injury, exacerbating the progression of kidney disease (2) . Previous studies (23, 24) have demonstrated that ameliorating oxidative stress through treatment with antioxidants may be an effective strategy for reducing diabetic complications. Several clinical (25, 26) trials have confirmed the effects of certain antioxidants on the prevention of diabetic complications. Under normal physiological conditions, the levels of cellular ROS remain stable in a dynamic equilibrium. The destruction of this balance promotes ROS accumulation, which causes molecular, cellular and clinical abnormalities (6) . In the present study, data from the MTS assay revealed that 100 µM H 2 O 2 significantly reduced cell viability, with the OD value being ~25% of the normal control group with identical flow cytometry outcomes. In addition, observation under inverted microscopy indicated that 100 µM H 2 O 2 significantly affected cellular physiology.
HNK serves an anti-oxidative role by inhibiting NADPH oxidase, myeloperoxidase and cyclooxygenase while increasing glutathione peroxidase activity in neutrophils to promote metabolism of H 2 O 2 (27) . The present study demonstrated that H 2 O 2 reduces the ratio of viable podocytes as well as increases the ratio of cell apoptosis. Additionally, cultured mouse podocytes were pre-treated with HNK (0, 1.25, 5 and 20 µM) for 2 h and further incubated in 100 µM H 2 O 2 for 24 h. The effect of HNK on peroxide-induced podocyte apoptosis was subsequently investigated. Podocytes were also treated with high concentrations (20 µM) of HNK alone to observe the influence of HNK on cellular viability and apoptosis as well. Following 24 h treatment with different concentrations of HNK and 100 µM H 2 O 2 , the morphology of adherent podocytes improved in a dose-dependent manner compared with H 2 O 2 treatment alone. In addition, HNK treatment alone did not markedly alter podocyte physiology in comparison with the control group. These results demonstrated that HNK, within certain safe ranges of concentration, can protect podocytes from damage induced by oxidative stress. MTS assay and flow cytometry further confirmed that HNK treatment lead to significantly lower apoptotic ratios and greater viability rates in podocytes. Nonetheless, the ratio of apoptosis in cells treated with HNK at high concentrations remained slightly higher as compared with the control group.
Casepase-9 is generally considered to be an initial mediator of apoptosis induced by H 2 O 2 (28) . The eventual release of cytochrome C promotes activation of caspase-3 (which can also be activated to strengthen caspase-3), thus resulting in activation of caspase-associated DNase. Activated DNase degrades DNA to mere fragments. This is one important marker of cellular apoptosis (28) . In the present study, RT-PCR and western blotting results confirmed that the expression of both mRNA and protein of cleaved caspase-3 and -9 markedly increased in podocytes treated with H 2 O 2 . Pretreatment with HNK markedly downregulated expression of both protein and mRNA of caspase-3 and -9 in a concentration-dependent manner.
Previous studies also reported the anti-apoptotic effects of hepatocyte growth factor (HGF) on podocytes in vitro. HGF stimulation resulted in the phosphorylation of Akt and Erk, and induction of an X-linked inhibitor of apoptosis protein (XIAP) in podocytes (29) . Furthermore, phosphorylation of Akt and Erk 1/2 was attenuated, whereas the expression of cleaved caspase-3 and the number of TUNEL positive cells was enhanced in vascular endothelial cells exposed to H 2 O 2 (30) . In another study, cultured mouse neural progenitor cells were treated with H 2 O 2 , apoptotic signaling pathways were activated and the phosphorylation of Akt and Erk decreased. Astaxanthin pretreatment, however, significantly inhibited H 2 O 2 -mediated caspase activation (31) . The activation of phosphorylation of Erk 1/2, which blocked the release of cytochrome C from mitochondria, resulted in inhibition of caspase-9 and -3 activation. The ratio of apoptosis also decreased (31) . The phosphoinositide 3-kinase (PI3K)/Akt/glycogen synthase kinase (GSK)-3 signal transduction pathway is a vital modality of intracellular membrane receptor signal transduction and serves an important role in the regulation of apoptosis in a variety of organs (32) . Akt is a serine/threonine protein kinase characterized by multiple sites of phosphorylation. PI3K inhibits the downstream apoptosis-related protein GSK-3β by enhancing the activation of Akt, thus having an anti-apoptotic effect. GSK-3 serves a critical role in regulation of apoptosis, which can inhibit transcription factors, such as heat shock factor-1 (a cyclic adenosine monophosphate binding protein) and activate members of the caspase family, leading to apoptosis (32, 33) .
The present data indicated that as HNK concentration increased, total Akt and Erk 1/2 protein levels did not markedly change. However, levels of p-Akt and Erk 1/2 gradually increased, peaking at 20 µM HNK in a concentration-dependent manner. As the expression of cleaved caspase-3 and -9 gradually decreased, levels of p-Akt and -Erk 1/2 increased with HNK treatment. Notably, in the present study, levels of p-Akt and -Erk 1/2 in the group treated with H 2 O 2 alone did not significantly decrease as compared with the normal control group. This phenomenon seemed inconsistent with the tendency of the expression of caspase in HNK-treated cells and contradicted the results of MTS and flow cytometry. It was speculated that the potency of H 2 O 2 inevitably weakens as time passes, and cells exhibit a certain degree of self-repair capacity. Levels of p-Akt and Erk 1/2 therefore increased slightly under H 2 O 2 treatment alone following 24-h incubation. Nevertheless, the effects observed in the present study are not necessarily indicative of a cause-and-effect relationship. Furthermore, it is necessary to interfere with Akt and Erk at the genetic level to confirm the targets of HNK in H 2 O 2 -treated podocytes.
In conclusion, the present study confirmed that HNK serves a vital role in protecting against apoptosis in podocytes treated with H 2 O 2 by means of inhibiting caspase-3 and -9 activation as well as enhancing phosphorylation of Akt and Erk 1/2. HNK may have potential as a treatment for kidney diseases exacerbated by oxidative stress damage.
